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ABSTRACT

For an 8-month period aerosol optical depth (AOD) is compared, derived over global oceans with five different
retrieval algorithms applied to four satellite instruments flown on board three satellite platforms. The Advanced
Very High Resolution Radiometer (AVHRR) was flown on board NOAA-14, the Ocean Color and Temperature
Scanner (OCTS) and the Polarization and Directionality of the Earth’s Reflectances (POLDER) on board the
Advanced Earth Observing Satellite (ADEOS), and the Total Ozone Mapping Spectrometer (TOMS) on board
the Earth Probe satellites. The aerosol data are presented on the same format and converted to the same wavelength
in the comparison and can therefore be a useful tool in validation of global aerosol models, in particular models
that can be driven with meteorological data for the November 1996 to June 1997 period studied here. Large
uncertainties in the global mean AOD are found. There is at least a factor of 2 difference between the AOD
from the retrievals. The largest uncertainties are found in the Southern Hemisphere, and the smallest differences
mostly near the continents in the Northern Hemisphere. The largest relative differences are probably caused by
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differences in cloud screening.

1. Introduction

Haywood et al. (1999) showed by combining satellite
observations and a model that the direct aerosol effect
is substantial over ocean under clear-sky conditions.
Several observational studies indicate a significant in-
fluence on the cloud microphysics from anthropogenic
aerosols (Wetzel and Stowe 1999; Rosenfeld 2000;
Kuang and Yung 2000; Nakajima et a. 2001). The ra-
diative forcing for both the direct and the indirect aero-
sol effect is very uncertain (Houghton et al. 2001), and
the estimates of radiative forcing are mainly based on
models.

With the large temporal and spatial variability in aero-
sol composition and abundance, satellite retrieval has
become a very useful tool for studying aerosol char-
acteristics (Kaufman et al. 1997; King et al. 1999; Mish-
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chenko et al. 2002) and comparing with models. There
have been some initial studies with global models and
several aerosol components included where comparison
with satellite retrieval s have been performed (Takemura
et al. 2000; Penner et al. 2002; Chin et al. 2002). Such
comparisons are very useful and similar studies will
presumably be performed in the future.

Most of the past satellite aerosol retrievals are based
on one or two channels (King et al. 1999) that lead to
information on one or two aerosol properties: usually
aerosol optical depth (AOD) and Angstrom exponent
for two-channel retrievals. A number of studies have
demonstrated that aerosol retrievals from satellite are
sensitive to two groups of factors: assumptions made in
the retrieval algorithm (ocean reflectance, gaseous ab-
sorption, and aerosol microphysics), and quality of input
satellite radiances used for aerosol retrievals (radio-
metric uncertainties and cloud contamination; e.g.,
Kaufman et al. 1990; Wagener et al. 1997; Ignatov et
al. 1998; Kahn et al. 1998; Higurashi and Nakajima
1999; Mishchenko et al. 1999; Geogdzhaeyev et al.
2002; Ignatov 2002).
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Over the last few years several pioneering investi-
gations of aerosol characteristics have been performed
(Husar et al. 1997; Nakajima and Higurashi 1998; Gol-
oub et al. 1999; Mishchenko et al. 1999; Torres et al.
1998). These studies have used AOD (and some of them
also Angstrom exponent) derived over ocean for clear-
sky conditions for different satellite instruments, such
as the Advanced Very High Resolution Radiometer
(AVHRR), the Ocean Color and Temperature Scanner
(OCTS), the Total Ozone Mapping Spectrometer
(TOMS), and the Polarization and Directionality of the
Earth’s Reflectances (POLDER). All the studies show
distinct features for the aerosols on a global scale, in-
cluding natural and human-influenced aerosols. A re-
maining task is to distinguish between natural and an-
thropogenic aerosols from the satellite retrievals (Bou-
cher and Tanre 2000). Future satellite instruments will
have larger capabilitiesin thisrespect (King et al. 1999).

Satellite retrievals over land have just become avail-
able for global conditions (Chu et a. 2002; Torres et
al. 2002), and there has been one study of aerosol optical
depth over Europe (Gonzalez et al. 2000). Other inves-
tigators have performed satellite retrievals over land us-
ing the aerosol index (Hsu et al. 1996; Herman et al.
1997; Deuze et al. 2001).

Some studies have compared the satellite retrievals
with other measurements. Goloub et al. (1999) and Hig-
urashi et al. (2000) have compared AOD and Angstrom
exponent from satellite retrievals with the global
ground-based sun photometer measurements from the
Aerosol Robotic Network (AERONET). In Torres et al.
(2002) acomparison of AOD from satelliteretrieval and
from AERONET is performed. Haywood et al. (2001a)
compared satellite-retrieved optical depth with optical
depth retrieved from aircraft-mounted pyranometers.
Further, in Veefkind et al. (1999) satelliteretrievalsfrom
two different satellite instruments were compared for a
smaller region inthe Tropical Aerosol Radiative Forcing
Observational Experiment (TARFOX) campaign. In
general, satellite-retrieved AOD compares well with
other observations; however, there are significant un-
certainties in the current and past satellite retrievals.

In this study we will compare AOD from four satellite
sensors (AVHRR, POLDER, OCTS, and TOMS) for an
8-month period (November 1996 to June 1997). The
satellite retrievals of AOD based on the satellite instru-
ments used in this study have been validated previously
in separate studies. The ultimate objective of this in-
tercomparison is to explore the satellite aerosol retriev-
alsasatool to validate global aerosol models. However,
an evaluation of the quality of the different retrievals
is beyond the scope of this paper. Rather we examine
similarities and differences between the five satellite
datasets. We also offer apreliminary comparison of each
satellite product with ground-based measurements from
AERONET sun photometers.
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2. Satellite retrieval

We have chosen to make a comparison of satellite
retrievalsin a period from November 1996 to June 1997
during which information is available from several sat-
ellite sensors. The data used in our study are docu-
mented in the literature. We have based this study on
results from four different satellite instruments, namely,
AVHRR, POLDER, OCTS, and TOMS, from which
global aerosol retrievals over ocean are available. Our
analysis covers the 8-month period the OCTS and POL -
DER instruments onboard the Advanced Earth Observ-
ing Satellite (ADEOS) were operating. AVHRR data are
available from 1981 to the present, and TOMS from
1979 to 1992 and 1996 to the present.

For this study two different retrievals are available
for AVHRR (a one-channel retrieval AVHRR-1 and a
two-channel retrieval AVHRR-2), and thus we have al-
together five retrievals which will be described briefly
in the following. For ageneral outline of remote sensing
of aerosols, see King et al. (1999). All five retrievals
use lookup tables (LUTSs). The way stratospheric aero-
sols are treated in the retrieval of AOD differs signifi-
cantly. However, in the period selected here, the strato-
spheric contribution is minor, as there were no major
volcanic eruptions. In this study, we concentrate on
comparing AOD only. The Angstrdom exponent is not
available currently in all five products, and it is known
to be generally less accurate than AOD. Its accuracy
always degrades in inverse proportion to AOD and de-
pends upon two sensor-specific factors: errors in indi-
vidual channels and spectral separation between the
channels (Ignatov et al. 1998; Ignatov 2002; Ignatov
and Stowe 2002b).

All five AOD products used in this study are derived
from one or two radiometer-specific spectral channels.
The AVHRR channels on board National Oceanic and
Atmospheric Administration (NOAA) satellites are
spectrally very wide, and vary from one NOAA satellite
to another. Based on the extensive analyses of the ef-
fective wavelengths A, for NOAA-6 through NOAA-16
satellites, Ignatov and Stowe (2002a) proposed that A,
= 630 nm and A, = 830 nm be used to represent a
generic AVHRR sensor. POLDER takes measurements
a A, = 670 nmand A, = 865 nm, OCTS at A, = 667
nmand A, = 862 nm, and TOMS at A, = 331 nm and
A, = 360 nm.

The AOD retrievals are reported at A = 500 nm for
OCTS, at A = 550 nm for the AVHRR-2 and TOMS,
at A = 630 nm for the AVHRR-1, and at A = 865 nm
for POLDER. Ignatov et a. (1995) and Ignatov and
Stowe (2002a) argue that the retrievals should be re-
ported as close to the measurement wavelength as prac-
tical. If a different reference wavelength is needed, it
should be preferably chosen between the measurement
wavelengths of A, and A,, as interpolation is known to
be more accurate than extrapolation. Practical consid-
erations suggest, however, that the comparison in our
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particular case be done at 550 nm. Therefore, the
AVHRR-1, OCTS, and POLDER AODs have been
scaled over to 550 nm using the Angstrom exponent,
derived from AVHRR-2, OCTS, and POLDER, respec-
tively. It should be recognized that in all cases, thisis
an extrapolation beyond spectral interval of measure-
ments, which may cause additional errorsin either prod-
uct (presumably most important for one-channel retriev-
als). However, at thistime, this source of error isdeemed
to be relatively small compared to the differences seen
between the different products.

The five products are given as monthly averages. All
the retrieved AODs are compared on a 1° X 1° reso-
lution. AVHRR-1 and AVHRR-2, as well as TOMS
products, are given in this resolution. POLDER and
OCTS products are given on 0.5° X 0.5° resolution, and
we have averaged these onto 1° X 1°. In the following,
a description is given of retrieval procedures for each
of the five datasets. Details on how data are mapped
from the original retrievals onto the 1° X 1° or 0.5° X
0.5° products can be found in this description or in
references given there.

a. AVHRR-1

In this study we use a subset of NOAA-14 data from
the Pathfinder Atmosphere (PATMOS) AVHRR multi-
year (1981-99) multisatellite (NOAA-7, -9, -11, and
-14) dataset (Stowe et al. 2002; Ignatov and Nalli 2002).
Daily PATMOS product includes surface geography,
sun-view geometry, and the (110 km)? statistics (mean
and standard deviation) of AVHRR radiances, calcul ated
separately for the clear-sky and cloudy fractions of each
grid. Cloud screening is done with the Clouds from
AVHRR (CLAVR) algorithm, which uses a set of so-
phisticated tests based upon contrast, and spectral and
spatial signatures in the five AVHRR channels (Stowe
et al. 1999).

AQD is derived by applying a single channel algo-
rithm to the daily averaged (110 km)? clear-sky reflec-
tance in AVHRR channel 1 (Stowe et al. 1997). A four-
dimensional (sun, view, relative azimuth angles, and
AQOD) lookup table had been precalculated using the
Dave radiative transfer model. A nonvariable aerosol
model assumes particles to be spherical and nonabsorb-
ing (n = 1.40 — 0Oi), with a monomodal lognormal size
distribution (Stowe et al. 1997). A robust single-channel
techniqueisused for PATMOS processing intentionally.
The information content of the AVHRR two-channel
scheme degradesin inverse proportion to AOD (Ignatov
et a. 1998; Ignatov 2002; Ignatov and Stowe 2002b;
Ignatov and Nalli 2002). For the (110 km)? PATMOS
data, the critical value of AOD at which the advantages
of a two-channel scheme over the single-channel one
are fully logt, is at 7, ~0.11 at 0.63 wm (Ignatov and
Nalli 2002), close to typical AOD over oceans.
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b. AVHRR-2

Mishchenko et al. (1999) and Geogdzhayev et al.
(2002) describe a two-channel retrieval from AVHRR.
In the most updated version of the retrieval the Ang-
strom exponent is derived in addition to AOD from the
retrievals. The two channels used in the algorithm are
at 650 and 850 nm. A power-law size distribution is
used to describe the size of the aerosols. The aerosols
are assumed to absorb solar radiation slightly asawave-
length-independent refractive index of 1.5 — 0.003i is
adopted. Further, aerosols are assumed to be spherical.
The effective resolution is 30 km based on the Inter-
national Satellite Cloud Climatology Project (ISCCP)
DX dataset (Rossow et al. 1996).

The cloud screening is basically performed with the
ISCCP cloud detection scheme (Rossow and Garder
1993). However, the algorithm has been made somewhat
more conservative to allow identification of thin cirrus
and small cumulus clouds (see Geogdzhayev et al.
2002). In addition, a criterion related to cloud screening
is that AOD above 0.6 at higher latitudes than 50° are
rejected, and elsewhere a maximum AOD of 1.0 is as-
sumed.

c. POLDER

A description of the POLDER aerosol retrieval pro-
cedure is given in Goloub et al. (1999) and Deuze et
al. (1999, 2000). The algorithm is based on measure-
ments at wavelengths 670 and 865 nm. The optical depth
and Angstrom exponent are derived and the AOD is
given for 865 nm. First the Angstrom exponent and
subsequently an aerosol model are derived from the
spectral and angular dependence of theradiances. There-
after, the AOD is retrieved. A pixel size of 6 km X 6
km is used and 3 X 3 pixels are adopted. The top of
the atmosphere reflectances are calculated for a large
number of azimuth and zenith angles for different aero-
sol models and different AOD. Calculations are per-
formed for 12 aerosol models, namely, using four values
of the modal radius and three values of the refractive
index. A monomodal lognormal sizedistributionisused.
Furthermore, nonabsorbing spherical aerosols are as-
sumed. The algorithm derives only tropospheric aero-
sols as the retrieval corrects for stratospheric contri-
bution.

In the cloud screening, four criteria are used (Bréon
and Colzy 1999). Two use threshold values (including
one containing spectral variation) for the 443-nm re-
flectance, one uses the pressure from two POLDER
channels, and finally one uses polarization capabilities.

d. OCTS

In Nakajimaand Higurashi (1998), Higurashi and Na-
kajima (1999), and Higurashi et al. (2000), the OCTS
aerosol retrieval is described. The resolution of the re-
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Fic. 1. Averaged AOD (550 nm) over ocean for the period Nov 1996—-Jun 1997. Maximum
AOD is 0.77, 1.00, 1.21, 1.35, and 1.80, respectively, for AVHRR-1, AVHRR-2, POLDER,
OCTS, and TOMS. Values are given with minimum of data for 2 months.

trieved data is 0.5° X 0.5°, which consists of 10 X 10
pixels. The agorithm uses the two channels a 667 and
862 nm and allows for retrieval of AOD and Angstrom
exponent. The Angstrom exponent is used so that the
AOD is converted to 500 nm. A bimodal lognormal size
distribution and assumption of spherical particles are
used in the algorithm with a complex refractive index
of 1.5 — 0.005i, which assumes some absorbing aero-
sols. The LUT calculations have been performed for
many solar and satellite zenith angles, azimuthal angles,
and peak ratios in the bimodal size distribution.

The cloud screening is based on threshold values for
the reflections in the visible region and the standard
deviation in the reflection in the visible region.

e. TOMS

The aerosol optical depth retrieval from TOMS is
described in Torres et al. (1998, 2002). Measurements
from TOMS are based on the near-UV region, and often
the aerosol index from TOMSis used (see e.g., Herman
et al. 1997; Hsu et a. 1996). The AOD retrieval uses
information at two wavelengths in the region 331-360
nm, but they are reported for 380 and 550 nm (converted

as described in Torres et a. 2002). The monthly mean
retrieved data are given at 1° X 1° based on data with
rather low resolution (40 km X 40 km in nadir). In
addition to retrieval of AOD, one more parameter is
retrieved (size or imaginary refractive index) depending
on aerosol composition, from which the single scattering
albedo is calculated.

Theretrieval uses three magjor aerosol types, and LUT
are provided for two datasets (dust—sulfate and sulfate—
carbonaceous aerosol models). For the carbonaceous
and dust aerosols, three and four aerosols models are
used, respectively. All particles are assumed to be spher-
ical.

The cloud screening threshold adopted for reflectiv-
ities is 15%. Further, the aerosol index is used in ad-
ditional cloud screening.

3. Global comparison of satellite data
a. Global distribution

The global distribution of AOD from the available
five datasets are shown for 550 nm as 8-month averages
in Fig. 1. Severa characteristic features that are also
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discussed elsewhere can be seen in the figure (e.g., Hu-
sar et a. 1997; Nakajima and Higurashi 1998; Deuze
et a. 1999; Tanré et a. 2001). Generaly, the AOD is
much larger near the continents than over open ocean.
The most striking feature is the large AOD west of the
mid and northern part of Africa, which is due to wind-
blown mineral dust from Sahara and aerosols from bio-
mass burning. The mineral dust influences the radiative
balance in this region substantially (Alpert et al. 1998;
Haywood et al. 2001b). Along the Asian continent large
AOD values are detected by all five retrievals, mainly
due to industrial pollution as the Angstrom exponent
(not shown) is high in this region. Likewise, along the
east coast of North America and near the European con-
tinent the source of aerosols is mainly from industrial
pollution. Biomass burning is the main contributor to
the AOD near Central and South America and southern
Africa. The most intense biomass burning in the South-
ern Hemisphere (southern Africa and South America)
takes place in August and is not included in the period
covered by this analysis. Over large ocean regions away
from the coast the AOD is dominated by sea salt aero-
sols.

The general pattern with higher AOD near the coast
is similar in al retrievals. Further, the large maximum
due to the mineral dust from Sahara and biomass burn-
ing is significant in al five figures. However, the large
differences between the retrievals over open ocean are
striking. In particular the differences are large at mid-
latitudes in the Southern Hemisphere.

Figure 1 suggests that the largest difference between
the five retrievals appear to match well with the loca-
tions that are known to be generally more cloudy, in
particular the high latitudes in both hemispheres, and
the intertropical convergence zone. This observation,
which seems to be consistent with analyses of cloud
effect by Mishchenko et al. (1999) and Ignatov and Nalli
(2002), needs further investigation and better under-
standing. On the one hand, OCTS and TOM S and partly
AVHRR-2 may have included some clouds in the aero-
sol loading, yielding a too-high AOD. On the other
hand, AVHRR-1 and POLDER may have interpreted
high AOD partly as clouds leading to atoo-small AOD.
The problem of separating aerosols and clouds is par-
ticularly difficult in areas with high thin clouds, as they
can have AODs smaller than the cloud detection limits.
Further in regions close to clouds and with high winds,
the relative humidity can also be very high leading to
a large AOD and an inhomogeneous pattern.

Figure 2a shows the average AOD of the five retriev-
als for the 8-month period yielding much of the same
pattern as described above. The standard deviation is
shown in Figure 2b, with high values in two major
regions, one west of Africaand asecond at midlatitudes
in the Southern Hemisphere. To determine in which re-
gions the aerosol retrievals are most uncertain, a useful
quantity istheratio of the standard deviation to the mean
of the five retrievals. A global distribution of this quan-
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Fic. 3. Zonal mean AOD for the five datasets at 550 nm.

tity is shown in Fig. 2c. Large hemispheric differences
are seen. The ratio is particularly large close to 60°S
approaching the border beyond which the aerosol re-
trievals at solar wavelengths cannot be used. In this
region few measurements are available and a further
complicating factor is the high amount of cloudsin this
region. Around 30°S, high values can also be seen in
the figure, in a region with generally very low AOD.
West of Africa the standard deviation was high as well
as the mean AOD. However, the ratio of these two is
low in this region, indicating that the relative uncer-
tainties in the aerosol retrievalsis not particularly large
here.

The zonal mean of the AOD is shown in Fig. 3. The
range in the AOD is substantial, with AVHRR-1 and
POLDER generally having the lowest values, and OCTS
and TOMS the highest AOD. However, it is clear that
none of the retrievals have AOD consistently higher or
lower than the others. Asin Fig. 2, we see the largest
uncertainties at high latitudes in the Southern Hemi-
sphere aso in Fig. 3. Despite the large range in the
results, the zonal pattern is much more similar.

b. Regional comparison

Figure 4 shows the global, Southern Hemisphere, and
Northern Hemisphere mean AOD over ocean over the
period from November 1996 to June 1997, represented
by monthly means.

Except for the first 3 months, the Northern Hemi-
sphere AOD is significantly higher than the one in the
Southern Hemisphere. Generally, on one side TOMS
and OCTS and on the other side AVHRR-1 and POL-
DER have rather similar AOD for global, Northern
Hemisphere, and Southern Hemisphere mean. Mostly,
AVHRR-2 has AODs between the two groups. The
AOD from TOMS and OCTS is up to a factor of 2
higher than the AOD from AVHRR-1 and POLDER.
The smallest difference is in the latter few months in
the Northern Hemisphere. The monthly variation is re-
markably small compared to the differences between
the retrievals.

In Fig. 5 the AOD over ocean is split into five large
oceanic regions. Similar to what is shown in Fig. 2, the
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FiG. 4. (top) Global, (middle) Southern Hemisphere, and (bottom)
Northern Hemisphere mean AOD (550 nm) over ocean (monthly
averages).

OCTS and TOMS have much higher AODs than
AVHRR-1 and POLDER in &l the regions. In the Ant-
arctic ocean region, AVHRR-2 values are closer to
OCTS and TOMS, whereas for the four other oceanic
regions they are closer to AVHRR-1 and POLDER. The
spread in the AOD values is particularly large in the
Antarctic ocean region and smallest in the North At-
lantic Ocean.

Table 1 shows the 8-month mean for the five aerosol
retrievals for global, Southern Hemisphere, and North-
ern Hemisphere mean, as well as for the five oceanic
regions. Thetableillustrates that thereis at least afactor
of 2 difference in the AOD between the retrievals, even
at a global scale, and a factor of 3 difference in the
Antarctic ocean region.

Figure 6 shows a comparison of the five satellite re-
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trievals over 11 smaller oceanic regions close to con-
tinents. This figure shows a more complex pattern of
the five sets with AODs than what is apparent in Figs.
4 and 5. Overall, there is a better agreement between
the aerosol retrievals in the regions close to the conti-
nents compared to the larger regions. At the Cape Verde
plateau and in certain months at the Arabian Sea, the
Bay of Bengal, the Red Sea, the East China Sea, and
the Sea of Japan, the POLDER AODs are highest; in
the other regions TOMS or OCTS have the highest val-
ues. There is mainly a factor of 2 difference between
the highest and the lowest AOD. The seasonal variations
arevery similar for thefive retrievals. The January 1997
TOMS datafor the eastern coast of United States, Black
Sea, and Caspian Sea are based on very poor statistics
and therefore excluded in the figure. At thistime of year
at mid- and high latitudes, snow/ice and cloud contam-
ination is very severe in the TOMS data.

To summarize the comparison of the five datasets, we
show scatterplots of AOD over ocean for various com-
binations of the retrievals. The results are shown in Fig.
7 for 10 combinations of the datasets. The scatterplot
where the majority of the points follow the 1-to-1 line
closest is for AVHRR-1 versus POLDER. For OCTS
versus TOMS, AVHRR-2 versus TOMS, and AVHRR-
2 versus OCTS, the scatter is substantial, especially for
high AODs.

In several of the scatterplots, a bimodal distribution
is evident (POLDER versus OCTS, AVHRR-1 versus
OCTS, POLDER versus TOMS, and partly AVHRR-1
versus AVHRR-2, AVHRR-1 versus TOMS, and
AVHRR-2 versus POLDER). The mode with much larg-
er values for TOMS, OCTS, and partly AVHRR-2 than
AVHRR-1 and POLDER is mainly owing to differences
south of 25°S, as can also be seen in Fig. 1. Another
feature that can be seen in Fig. 7 is that OCTS and
TOMS (and partly AVHRR-2) have few retrievals of
AOD below 0.05.

4. Comparison between satellite and
AERONET data

The AERONET is a ground-based worldwide station
network that consists of alarge number of sun photom-
eters (Holben et al. 1998). The AERONET dataset is
independent of satellite retrievals, but it is used as
ground validation of some satellite data. The AOD from
the satellite retrievals are here compared to AOD from
the AERONET for some selected islands and coastal
stations. The AERONET stations used for this com-
parison are shown in Table 2.

A comparison of satellite-retrieved AOD at 550 nm
and AERONET AOD mean of 440 nm (some few at
500 nm) and 670 nm are shown in Fig. 8 for AERONET
stations with more than 1 month of observations.
Monthly mean data for AERONET is generated as av-
erage of the daily mean of the available days with mea-
surements. In general the agreement between the sat-
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TaBLE 1. Eight-month average AOD for the five aerosol retrievals.

AVHRR-1 AVHRR-2 POLDER OCTS TOMS
Global 0.112 0.140 0.119 0.218 0.218
Southern Hemisphere 0.091 0.126 0.084 0.200 0.207
Northern Hemisphere 0.136 0.158 0.161 0.239 0.227
Antarctic Ocean 0.092 0.199 0.054 0.305 0.211
Indian Ocean 0.106 0.130 0.114 0.205 0.227
North Atlantic Ocean 0.172 0.182 0.210 0.265 0.268
South Atlantic Ocean 0.110 0.127 0.101 0.211 0.222
Pacific Ocean 0.099 0.131 0.104 0.208 0.200

ellite retrievals and AERONET is good, even for sta-
tions with seasonal variations. At Barbados and Cape
Verde the AOD from the sun photometers is within the
range of the AOD from the satellite retrievals and none
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five satellite instruments. All data (globally) are included in the analysis.

ters, respectively. For the rest of the stations there are  can be low and the measurements are not necessarily
only small periods with large deviations. made at the same time nor even at the same days

A comparison of monthly mean AOD from satel- (Ichoku et al. 2002). In the AERONET data, the fre-
lites and ground-based measurements must be inter- quency of measurements is particularly low at Male
preted with caution as the number of measurements in November 1996 with only 1 day with observations.
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TaBLE 2. AERONET stations used in the analyses in this work.

Altitude

Station name Latitude Longitude (m)
Ascension Island 07°58'S 14°24'W 30
Barbados 13°10'N 59°30'W 0
Bermuda 32°22'N 64°41'W 10
Capo Verde 16°43'N 22°56'W 60
Cheritan 37°16'N 75°25'W 0
Crete 35°20'N 25°40'E 140
Dakar 14°23'N 16°57'W 0
Dry Tortugas 24°36'N 82°47'W 0
Lanai 20°49'N 156°59'W 80
Male 04°11'N 73°31'E 2
Rame Head 50°21'N 04°08'W 0
Tenerife 28°01'N 16°37'W 10
Zenith 37°21'N 70°00'W 0

Barbados

VOLUME 61

For the rest of the stations, the number of days with
observations within amonth are mostly above 15. The
wavelength dependence of the AOD inthe AERONET
data is generally small, except at Rame Head and
Crete with more influence by industrial pollution and
smaller particles.

Figure 9 shows a scatterplot of monthly mean AOD
for AERONET and each of the satellite retrievals. Data
for all the stations listed in Table 2 are used in the
analysis. There is a tendency for the aerosol satellite
retrievals to have higher AODs than the AOD from the
sun photometers for low AOD and vice versa for high
AODs. The highest AOD is often from Cape Verde and
Dakar. The high regression intercept results from non-
aerosol effects (Ignatov et a. 1995). First, the coastal
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waters tend to be more turbid and bright than the open
ocean. A globally tuned algorithm interprets the larger
satellite signal here as an elevated AOD. Second, re-
sidual (partial) cloud may still persist in the **cloud-
free”” satellite radiances used for aerosol retrievals. The
relative proportion of these two factors is different in
the different AOD products, depending upon their re-
spective cloud screening, spatial resolution, and allowed
proximity of the retrievals to the coastal line. For the
five products used here, the regression intercept ranges

from +0.002 (POLDER) to 0.17 (TOMS). At high
AQD, the accuracy of the retrievals chiefly depends on
the aerosol model used (Ignatov et a. 1995). It is this
AOD domain where the advantage of a two-channel
retrieval, in which the aerosol model isestimated in situ,
is expected to be most significant and clearly seen com-
pared to a single-channel scheme with a prescribed aero-
sol model, such as used in AVHRR-1. However, high
AOD values are often due to dust, which introduces
problems related to nonsphericity (see section 5). The
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POLDER data are in general in better agreement with
the AERONET data than the other; however, for large
AOD there is substantial scatter between AERONET
and POLDER data.

5. Discussion and summary

In current satellite retrievals of aerosols, which nor-
mally assume spherical particles, there are at least five
unknown quantities. The five quantities are the AOD,
two parameters describing the size distribution, for ex-
ample, geometric mean radius and geometric standard
deviation for a lognormal size distribution, and finally
thereal and imaginary refractiveindex. In atwo-channel
(one channel) retrieval two (one) of these quantities can
be determined, whereas for the other quantities, as-
sumptions must be made. Some of the channels used in
theretrievals are in spectral regionswith gas absorption,
which for some gases varies spatialy and temporally.
The ocean surface reflectance is another source of un-
certainty in remote sensing of aerosols. A further un-
certainty isthe altitude of the aerosol layer, in particular
for absorbing aerosols in the TOMS retrieval. In addi-
tion to these uncertainties, the quality of satellite data
used for aerosol retrievals may play a significant role.
Radiometric errors (calibration, noise, digitization) are
important when working with small signalsusedin aero-
sol remote sensing. The largest source of uncertainty in
the aerosol retrieval is most likely the cloud screening.

In this study we have compared five different aerosol
retrievals (including both one-channel and two-channel
algorithms) over global ocean from four different sat-
ellite instruments for monthly mean AOD for an 8-
month period. From what is described in the previous
paragraph, it is clearly a difficult task to retrieve AOD
from satellites. It is therefore reasonable to find large
differences in AOD from the different algorithms. The
difference in the AOD in the five retrievals is at least
a factor of 2 between the one giving the lowest to the
one giving the highest value. Overall, the algorithms
produce similar results close to continents where the
AQOD often is relatively high. The largest uncertainties
in the results are in the Southern Hemisphere, and in
particular in the Pacific Ocean and Antarctic Ocean re-
gion far from continents. In general, the OCTS and
TOMS have the highest AOD, and POLDER and
AVHRR-1 the lowest AOD, with AVHRR-2 often in
between the two groups, but closer to the lowest ones.
Closer to continents this ranking differs somewhat and,
for example, in the Cape Verde plateau POLDER has
the highest AODs.

The two-channel algorithms OCTS, POLDER, and
AVHRR-2 have many similarities. The OCTS and POL -
DER instruments were on the same satellite. The re-
trieval adopting the information from TOMS also uses
two channels, but at shorter wavelengths (in the UV
region). AVHRR-2 and AVHRR-1 use data from the
same instrument but differ in their calibration and cloud
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screening, number of channels, and retrieval algorithm
assumptions (aerosol model, surface reflectance, and
gaseous absorption). As expected there are many sim-
ilarities between the various datasets. More surprisingly,
we have identified also major differences between the
results of the five different aerosol retrievals. We have
not attempted to judge the quality of the various data-
sets. In fact what our study shows is that there is in
general no obvious difference in their quality. Thereis
no single dataset that stands out as very different from
the others. We suspect that much of the differences can
be attributed to the complexity of cloud screening as
most of the largest relative differences are found in re-
gions with large cloud cover, thisis particularly a prob-
lem at high latitudes in the Southern Hemisphere. Some
of the retrievals may identify large AOD as clouds such
as POLDER and AVHRR-1, whereas TOMS and OCTS
may have less restrictive screening criteria. Haywood
et a. (1997) and Myhre et al. (2002) show that small-
scale variation in relative humidity can influence the
radiative effects of hygroscopic aerosols substantially.
High relative humidity may therefore increase the AOD
of sea salt aerosol substantially. It therefore has the po-
tential to be confused with optically thin clouds and fog
at low levels. In other regions, as west of Sahara, where
AOD values are generally high in all datasets, other
issues in the aerosol retrievals (including cloud screen-
ing) would influence the differences in the results.

The aerosol retrievals are based on instruments on
three satellites, which are nonsynchronous in time.
Kaufman et al. (2000) show that the diurnal variation
in the AOD is small, and that data acquisition during
the day is therefore rather insignificant by using alarge
number of AERONET measurements. However, it can-
not be ruled out that this problem could, to a limited
extent, contribute to the differences between the data-
sets.

The PATMOS AOD is known to have deficiencies
(Ignatov and Stowe 2002b; Ignatov and Nalli 2002). In
particular, using a more accurate and up-to-date 6S ra-
diative transfer model (Vermote et al. 1997) in place of
Dave (Ignatov and Stowe 2002a) suggests that the cur-
rent Dave-based PATMOS AOD is biased low. The ad-
justment is a complicated function of AOD itself (Ig-
natov and Nalli 2002), but on averageitis +3.5 X 102
for the NOAA-14 period. Also, the calibration by Rao
and Chen (1999) used in PATMOS, may be biased low
by 4.5%-8.5% (Tahnk and Coakley 2001; Nguyen et
al. 2002, manuscript submitted to J. Atmos. Oceanic
Technol.), which would further raise AVHRR-1 AOD
by approximately 2.4 X 10-2 (Ignatov 2002).

All the aerosol retrievals assume spherical particles,
but several studies have shown that nonsphericity may
have a substantial impact (Mishchenko et al. 1995,
1997; Dubovik et a. 2002; Mishchenko et al. 2003,
hereafter MIS). Dubovik et a. (2002) found that using
nonspherical particles significantly improved the re-
trieval from AERONET measurements. Further, MIS
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used laboratory measurements of the phase function for
natural mineral aerosols to show that the AVHRR re-
trieval strongly underestimated the AOD of dustlike par-
ticles.

We have further compared the AOD from the five
satellite retrievals with AERONET data. The AERO-
NET stations are in regions where the agreement be-
tween the retrievals is generally good, and the satellite
data are also mostly in reasonable agreement with the
AERONET data. The seasonal variation is also well
reproduced. The results of MIS show that for dustlike
particles, the assumption of spherical particles may ex-
plain a general underestimation of AOD from satellite
retrievals compared to the AERONET observations for
high AODs. Furthermore, comparison of monthly mean
satellite and AERONET retrievals of AOD must be in-
terpreted with caution as time and number of available
retrievals can be different.

In global aerosol modeling there is clearly a need to
use satellite data in the validation. In such validation
monthly mean data are often preferred since there is a
limited spatial coverage of the satellite data for single
days and since many global models do not use realistic
meteorological data, which is necessary for a useful
comparison on a daily basis. However, in follow-up
studies, single-day data for selected periods should be
used. Thisis needed in order to understand and explain
the differences between the results from the various al-
gorithms in detail. It will also alow comparison with
models using realistic meteorological data. Finally, it
would allow abetter and more realistic comparison with
the AERONET data. In such comparisons, the wave-
length dependence of the AOD could be investigated
more closely. This has the potential to give useful in-
formation about the size distributions.

To better understand the differences between the re-
trievals, further comparison with ground-based or air-
craft measurements should be performed. In particular
there should be increased effort in the validation in re-
gions with largest uncertainties, such asin the Southern
Hemisphere in the Pacific Ocean and the Antarctic,
based on aerosol campaigns or permanent sun photom-
eters on islands in this region. New satellite instruments
designed for aerosol retrieval, such as the Moderate-
Resolution Imaging Spectroradiometer (MODIS) and
the Multiangle Imaging Spectroradiometer (MISR), will
probably also improve the remote sensing of aerosols
over ocean substantially in addition to providing much
information over land.
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